Abstract: Floods are the most devastating of global natural disasters, and flood adaptation measures are needed to reduce future risk. Researchers have started to evaluate the costs and benefits of flood adaptation, but information regarding the cost of different flood adaptation measures is often not available or is hidden in non-peer-reviewed literature. Recent review studies have explored cost estimates for different aspects of flood adaptation, such as nature-based solutions. This study aims to contribute empirical data regarding the cost of flood adaptation by compiling peer-reviewed literature and research reports. The focus is on construction costs and expenses for operation and maintenance. This paper integrates the unit cost information of six main flood adaptation measure categories: (1) the flood-proofing of buildings, (2) flood protection, (3) beach nourishment and dunes, (4) nature-based solutions for coastal ecosystems, (5) channel management and nature-based solutions for riverine systems, and (6) urban drainage. Cost estimates are corrected for inflation and converted to U.S. dollars (2016). Measures are described, and cost figures for both developed and developing countries are provided. The results of this study can be used as input for economic-assessment studies on flood adaptation measures.
Introduction
Floods are the most devastating of global natural disasters; they caused billions of dollars in damage and the loss of life of thousands of people in 2017 [1] . Flood hazards can be categorized into different types: e.g., coastal storm surges, river floods, river-and flash floods, and local inundations caused by extreme precipitation. Climate change and sea-level rise further increase the frequency and severity of flood hazards, while population and economic growth further exacerbate flood exposure in low-lying coastal areas [2] . Urgent action is needed to anticipate future losses, but designing and evaluating long-term adaptation strategies is a complex and challenging process for decision makers [3] .
In recent decades, a vast array of studies have been conducted to assess and evaluate options for flood adaption so as to reduce current and future flood risk [4] [5] [6] [7] [8] [9] . Such studies provide insights into the effects of sea level and climate change on flood hazard (e.g., depth, extent, and duration) [10] and related socio-economic effects on, for example, exposed populations and economic assets [2] . More recently, researchers have started to evaluate the costs and benefits of flood adaptation by using various future projections. In such analyses, benefits are expressed as reduced flood risk (or "expected annual damage," EAD) achieved by implementing proposed adaptation measures [9, 11, 12] . For example, a recent study show the future benefits of investing in flood protection are much higher than the cost, assuming different future scenarios [9] .
Estimating flood adaptation cost is no sinecure, and detailed cost estimates are usually made on the local level-for example, during the engineering design of individual measures [13] . In most cases, however, only aggregate maintenance and investment costs are available from case (1) Cost estimations are mostly made during the design phase of a flood adaptation measure [14] .
However, while the aggregate cost of such projects after construction can be found, the underlying cost details and the different cost components, are rarely available online. ( 2) The unit costs differ greatly across the literature in terms of what cost components (labor, land purchase, and materials, etc.) are included. This makes the comparison of unit cost prices difficult [13] . (3) Unit cost estimates for the same flood management measures vary across countries and regions depending on local geographic and socio-economic conditions [22] . For example, in many countries, constructing a levee in a rural area is much cheaper than developing a similar structure in an urban area, as labor rates and land prices are often higher in cities. Furthermore, the design requirements (e.g., protection levels) are higher in urban environments due to the larger exposed population and greater economic assets [17] . (4) The unit cost estimates vary over time due to changes in socio-economic fluctuations, which affect labor cost, supply of materials, and land values [12, 22] .
In view of these challenges, and considering the very diverse set of flood-management measures, the focus in this study is on just two types of unit cost estimates, which are often appraised in detailed engineering studies: (1) construction costs and (2) operation and maintenance costs (O&M). Construction costs are fixed, one-time expenses that include costs for planning, purchasing materials and machinery, land acquisition, construction labor, permits, etc. Operation and maintenance costs include yearly costs needed to operate (e.g., storm surge barriers and sluices), maintain (e.g., cleaning sewer systems), monitor (e.g., restored mangroves), and replace equipment [23] .
The approach followed in this paper to select unit cost prices comprises several steps:
(1) A few studies already provide a comprehensive overview of some flood-management categories: flood protection [14, 16, 17] and nature-based solutions [19, 21] . These studies were used as a basis for finding additional information. (2) Peer-reviewed literature was accessed using the Web of Science search engine and different combinations of general key words (#flood, #cost, #management, #adaptation, #cost-benefit). Key words representing the different adaptation categories and measures (protection, nature-based solutions, levee, mangrove, beach nourishment, coral reefs, urban drainage, etc.) were also used. This resulted in a few hundred papers, of which the unit cost information was manually ordered into project and/or construction-and/or maintenance-related activities. In many papers, though economic aspects of flood management investment were discussed, specific cost estimates were either not provided or cost information was incomplete. Only the papers which contained unit cost prices were selected (3) Following [19] , the unit cost estimates provided in this study-provided that information is available-are distributed over developed and developing countries. In this way, differences in socio-economic conditions that exist across countries and that may affect unit cost prices are addressed, albeit in a simplified manner. (4) All numbers are converted into comparable units, and cost estimations were converted to U.S.
dollars at 2016 price levels, unless otherwise specified. This was done using inflation rates for each country based on the consumer price index (CPI) (https://data.worldbank.org/indicator/ fp.cpi.totl). For global average numbers, a flat inflation rate of 4% per year was applied, as in [14] . Local currencies for a particular country were first converted to U.S. dollars by using the XE currency converter (www.xe.com/currencyconverter). At the time of submission of this paper, EUR1 was equal to US$1.202. Unit cost prices were not converted into a "purchasing power parity" unit [24] , but future studies can use the estimates in this study to further process the data if required. (5) Cost estimates are presented in six sub-sections: flood-proofing buildings, flood protection, beach nourishment and dunes, nature-based solutions (coast, channel management, and nature-based solutions for riverine systems), and urban drainage. In a few instances, this classification is somewhat arbitrary, and some measures could have been placed in another category. Each section starts with a short description of the measures followed by a discussion of cost estimates. (6) In some studies, operation and maintenance costs are specified, whereas other sources use fixed percentages of the total construction costs. If available, both types are addressed, and it is assumed that these are valid for the lifetime of a measure.
A peer-reviewed paper is a first step in a quality check of data, and some studies have conducted quite advanced quality checks and statistical analyses to indicate the uncertainty margins of the cost estimates. For example, a review by Bayraktarov et al. [19] on the cost of nature-based solutions considers a number of studies that were used to perform statistical estimates. However, such review papers are rare, and most reviewed papers describe single case studies, for which cost estimates are based on reports from engineering companies, expert knowledge provided during workshops, or estimates that were communicated via personal communication. Another issue that pertains to quality and comparability is that it is not always clear what is included in the cost estimates and what sub-categories have been neglected [14] . This problem has been addressed by providing upper and lower limits of cost estimations. However, due to the above-mentioned limitations, the cost estimates that are listed in this paper have high uncertainty parameters; they are probably conservative estimates, as not all cost categories are included in the estimation.
Results

Flood-Proofing and Elevating Buildings
Three types of measures are commonly used to flood-proof individual buildings: (1) elevation of (new or existing) buildings, (2) dry flood-proofing, and (3) wet flood-proofing [25] (Appendix A Table A1 ). The lifespan of both wet and dry flood-proofing is estimated at 20-30 years [26] , though Kreibich et al. [27] mention a lifespan of 75 years. In some countries, such as the United States, these measures are linked to building code guidelines provided by the state or municipalities. Building-code requirements apply for buildings in designated flood zones (e.g., the 1/100 flood zone), which are mapped by the government. Furthermore, building codes are often linked to an insurance system in which policy holders get a discount on their flood insurance premiums, when they implement flood-proofing measures. In the United States, the National Flood Insurance Program (NFIP) requires homeowners who have a state-backed mortgage to purchase flood insurance, and the base floor of new structures must be raised above the expected 1/100 flood levels [28] .
Elevation and Re-Location
Houses can be elevated to prevent floodwater from entering them. This method is mostly applied to new buildings in flood zones, but it can also be applied to existing buildings, though at higher cost than new buildings. The cost estimates for elevating existing buildings (Table 1) is in the range of~$19,000-194,000 for buildings in the United States-depending on the type of building and how much it must be elevated [16, 29, 30] . Factors that determine elevation costs include the following: Condition of the house, electrical and plumbing adjustments, grading, excavation, permits, labor and insurance [31] . Elevating buildings in larger cities such as New York are more expensive due to higher labor costs. The U.S. Army Corps of Engineers (USACE) [29] , for example, estimates elevation cost at $194,496/building, which is much higher than the estimate made by Jones et al. [30] (maximum $102,888). Furthermore, Jones et al. [30] estimate the costs of adding "freeboard" (elevating the base floor of a building above the required 1/100 flood levels) for new buildings and for different foundations types. In developing countries such as Bangladesh and Vietnam, the cost for elevating houses in rural areas is estimated at $1287-2574 per house, depending on whether the stilts are made from bamboo or reinforced concrete. This is similar to the results found by Lasage et al. [18] for elevating houses (+2 m) in Ho Chi Minh City, Vietnam ($1544-3088 per house). The USACE [29] estimates the re-location of buildings at $353,537, which includes labor cost, building a new foundation, distance to transport, special permits, house dimensions, and road obstacles. Maintenance costs for elevation were not considered in this study and are probably low (<1%). [16] by sealing walls with waterproof coatings, impermeable membranes or supplemental layers of masonry or concrete. Dry flood-proofing has disadvantages: When a house is surrounded by water, the pressure on the walls may cause them to cave in-especially in frame constructions. Both the Federal Emergency Management Agency (FEMA) [25] and Keating et al. [26] , therefore, advise to not build dry flood-proof houses when floodwater heights exceed +1 m. Construction costs ( Table 2 ) vary between~$9000 and $23,000/building in developed countries, and between~$500 and $10,000 per building in developing countries [18] . Costs depend on the type of measure and the flood depth they are designed to withstand. Wright and Pierce [33] calculate the cost for flood-proofing seven waste-water pumping stations that lie below the expected flood elevation. The average cost for each station is~$45,000, of which 59% is for "miscellaneous items" (e.g., overhead costs and 20% contingencies). Maintenance costs per year are estimated at 1-3% of the investment cost [26] . Wet flood-proofing measures allow floodwater to enter a building but limit the damage to the structure and its contents (Figure 1 ). This minimizes the risk that the walls of the house will collapse due to hydrostatic pressure from rising floodwaters on the outside. Measures include, for example, building utility installations and high-value areas above flood levels, raising electrical sockets, fitting tiled floors so that the building can quickly be returned to use after the flood, and sealing walls with water-resistant building materials [16] . For an extended table of individual flood-proofing measures, see Appendix B Tables A2 and A3. Construction cost for wet flood-proofing are presented in Table 3 and range between $2412 for residential structures and $34,070 for office buildings. The cost for flood-proofing office buildings is usually higher, as office buildings are relatively large, and the value of building contents is higher than that of residential buildings. Wet flood-proofing the basement of a residential building costs around $35-206/m 2 . Maintenance costs are low-estimated at <1% of the total investment cost [26] . The cost of flood-proofing a 1500-L oil tank against buoyancy, buried in the garden, is estimated at $1550 [27] .
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Flood Protection
Different types of engineered flood-protection measures exist, from simple earth-filled dikes to concrete sea walls and sophisticated storm surge barriers. Table 4 shows different flood-protection methods with their unit costs. Costs are provided both for developing a new structure and for strengthening existing structures.
Storm surge barriers: Storm surge barriers are engineering structures in rivers or estuaries which are designed to protect the high value of economic assets and urban areas from coastal flooding. Storm surge barriers can have movable gates to allow shipping and tidal flows, which are closed during an extreme flooding event. Non-navigable barriers allow only the inflow and outflow of water. Costs vary greatly and are largely determined by the share of the movable parts of the design: Extra gates or a shipping lock can sharply increase costs. Furthermore, geographical and hydrodynamic requirements, such as "span" or "hydraulic head," determine, respectively, the size and the required strength of the design; they may also increase costs [14] . Aerts et al. [16] estimate the cost of movable parts to be between $0.45 billion/km and $3.6 billion/km, depending on the type of gates and head of the barrier (Appendix C Table A4 ). General costs, including both closure dams and movable parts vary between $0.27 and $3.6 billion/km, where the lower cost range includes barriers with relatively long closure-dam parts. Operation and maintenance costs vary between $0.6 and $22 million/year, depending on the length and number of moveable parts of the barrier system [16] .
Sea and river dikes are designed to resist the forces of large coastal storm surges in areas with urban populations and valuable economic assets. Dikes are made of various fill materials such as concrete, clay, and sand, and they are covered with a layer of resistant vegetation or armoring material such as asphalt or boulders ( Figure 2 ). Armoring for sea dikes is more robust than river dikes because of wave impacts, and costs are consequently higher. The cost of a new sea dike in the United States is estimated by Aerts et al. [16] at $28.8 million/km, and for Vietnam at $2.3 million/ [36] . For The Netherlands, Jonkman et al. [14] estimate costs at $19.3-27.2 million/km per meter of dike raised, and for Vietnam at $0.9-1.6 million/km per meter of dike raised. These case-study results are in the same range as those determined by a large study by Prahl et al. [22] , who estimate the cost of raising sea dikes in European cities at $21.8-31.2 million/km per meter of dike raised. River dikes are generally cheaper than sea dikes at $12.1-18.2 million/km for a new dike in the United States [37, 38] and $5 million/km per meter of dike raised in Canada [13] . Maintenance is estimated at $0.15 million/km and $0.03 million/m for sea dikes in The Netherlands and Vietnam, respectively [14] , or between 0.01% and 1% of the initial investment cost [17] .
Rural earthen dikes: Rural earthen dikes are peat-or clay-filled dikes applied in rural areas, with design standards <1/100. Jonkman et al. [14] estimate the cost of a rural dike in The Netherlands at $5.1-14 million/km per meter of dike raised, while for Canada this is $2.1 million/km per meter of dike raised [13] . According to studies in developing countries, for new earthen dikes (1-3 m in height), costs range from $0.1-0.2 million/km (Mozambique) [39] to $0.9-1.5 million/km (Vietnam) [14] .
Floodwalls: Other types of levees can be made from steel piles or concrete and are often designed as T-walls [40] (Figure 2 ). The foundations of these structures are also made from concrete or steel to provide stability and prevent seepage and piping [14] . Costs for a new 7-m T-wall are estimated at $31 million/km [40] . The cost of a deployable floodwall is $6.6 million/km [29] . Operation and maintenance costs of dikes and floodwalls vary between 0.01% and 1% [17] . Another study provides numbers detailed estimates for the operation and maintenance of two flood-protection alternatives in Texas at 0.5% of the total investment costs [41] . Other protection measures: Breakwater: Offshore breakwaters are above-water structures parallel to the shore which reduce wave heights, provide shelter to a harbor and prevent sediment deposition in the entrance channel of a port. There are three main types of breakwaters: (1) rubble-mound breakwaters, which consist of a core of small rocks covered with large rocks or concrete elements; (2) vertical-wall breakwaters, which are filled with concrete blocks or sand; and (3) vertical-composite breakwaters, which are concrete structures founded on rubble substructures where the caissons (or concrete blocks) are placed on a high rubble foundation [42] . Costs range from $1.4-6 million/km in developed countries to $63 million/km for complex structures (e.g., the breakwater of the ports of Los Angeles and Long Beach [17] . For developing countries, costs vary between $0.13 and $0.5 million/km [21] Rip-rap: Rip-rap, also known "rock armor" or "rubble," is rock or other material used to armor shorelines, streambeds, bridge abutments, pilings, and other shoreline structures against erosion ( Figure 2 ). The unit cost for riprap used for protecting coastal zones is estimated at $292-780/m [43, 44] or $80/ton [41] , with maintenance costs at 2-4% [45] .
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A bulkhead is a retaining wall that is generally made of steel or wood which stretches ~3-10 m below the water surface and at least 1-3 m above. They are often used to protect pier walls in ports and harbors and are built to prevent soil erosion, flooding, and maintain sufficient navigation width. Recent bulkheads are made of vinyl or concrete, and wooden bulkhead pilings are usually the least expensive. Aerts et al. [16] apply a unit cost range between $12.7 and $51.9 million/km.
A sandbag wall is composed of individual bag that are filled with sand, often during the flood event. Though the method is considered effective, it is time-and labor-consuming. Sandbag walls have trapezoidal or triangular cross-sections, which means that, the higher wall, the more bags are needed. Estimates for a wall of +1 m in the United States are between ~$200,000 and $400,000 per km. One sandbag costs $3-6, and to protect a door opening with a sandbag wall of +1.2 m requires 72 bags at ~$210-420 (Appendix F Table A7 ).
Note that some flood protection related to river-bank maintenance has a link with "nature-based solutions" (see Section 3.4). A bulkhead is a retaining wall that is generally made of steel or wood which stretches~3-10 m below the water surface and at least 1-3 m above. They are often used to protect pier walls in ports and harbors and are built to prevent soil erosion, flooding, and maintain sufficient navigation width. Recent bulkheads are made of vinyl or concrete, and wooden bulkhead pilings are usually the least expensive. Aerts et al. [16] apply a unit cost range between $12.7 and $51.9 million/km.
A sandbag wall is composed of individual bag that are filled with sand, often during the flood event. Though the method is considered effective, it is time-and labor-consuming. Sandbag walls have trapezoidal or triangular cross-sections, which means that, the higher wall, the more bags are needed. Estimates for a wall of +1 m in the United States are between~$200,000 and $400,000 per km. One sandbag costs $3-6, and to protect a door opening with a sandbag wall of +1.2 m requires 72 bags at~$210-420 (Appendix F Table A7 ).
Note that some flood protection related to river-bank maintenance has a link with "nature-based solutions" (see Section 3.4).
Coastal Protection by Beaches and Dunes
Beach Nourishment
Sub-tidal sandflats and bars, beaches, and sand dunes are natural barriers that reduce the impact of storm surges and waves along the coast [50] . Therefore, beach nourishment is widely used to combat coastal erosion [51] . Other advantages of beach nourishment are to increase and maintain coastal ecosystems, to enhance the potential for recreation, and to preserve the protective values of a coastline against storm surges. Sand-mining for beach-nourishing can be achieved by offshore dredging up to 20-30 km from the coastline, depending on the morphology of the coastal shelf. Furthermore, nourishment sand often comes from the periodic dredging of ports and harbors and is transported to nearby beaches.
The cost of material can vary greatly depending on its origin and associated transportation costs [52] . According to several cases in the United States, costs vary from~$5 to $18/m 3 [17] (Table 5) . Nourishment in The Netherlands is estimated at~$4-8/m 3 [14] and average numbers for the EU vary from $5 to $11/m 3 [15] . Studies in Australia, South Africa, and Vietnam show cost estimates of $7.7/m 3 , $20.8/m 3 , and $5.8/m 3 , respectively [15, 53] . Dunes are usually located right at the front of the beach and are created by sand deposition due to winds, often on wider beaches of >35 m [55] . Dunes protect mainland against flooding and can provide habitat for plants, birds, and other terrestrial and beach organisms [56] . Dune restoration mostly involves re-planting native dune vegetation and the installation of sand fencing. Fences can be used on the seaward side to trap sand and help stabilize any bare sand surfaces [57] . Native vegetation may be planted to stabilize natural or artificial dunes and to promote the accumulation of sand from wind-blown sources [58] . Invasive non-native vegetation is often removed.
Costs vary from $7636 to $13,888/ha for studies in Australia and the United States (Appendix C  Table A4 ). If dunes have been subject to erosion, dune reconstruction involves the placement of sand against the remaining dunes using bulldozers. Construction costs are for labor, new vegetation, and the sand needed to reconstruct the dune area. Some studies involve cleaning activities-for example, after a dune area has been hit by an oil spill. Such projects are more expensive through additional cleaning measures, with costs estimated at $52,000-76,000/ha (Appendix C). Maintenance costs of restored dunes are estimated at $333-2526/ha per year [54] .
A groin is a structure which is oriented perpendicular to a shore and which reduces the flow of sediment along that shore. Retention structures (e.g., groins) can help to capture sand and sustain the lifetime of beach nourishment. Sand collects on the up-drift side of a groin until it is filled and the amount of sand on the beach stays the same [17] . Aerts et al. [16] estimate that the re-conditioning or new development of existing groins for New York City beach-nourishment projects at approximately $1.6 million per groin, including 15% contingencies. The USACE [29] provides cost estimates for nourishment including groins at $0.55 million/km.
Nature-Based Solutions for Coastal Ecosystems
Reducing flood risk by restoring or creating new coastal ecosystems is increasingly seen as an alternative to hard-engineered protection measures. (For an extensive overview of co-benefits of nature-based solutions see Morris et al. [59] ) Coastal ecosystems already have a value in flood protection, and research shows that, without mangroves, 18 million people would be flooded every year [60] . However, global mangrove forests decreased by 19% over the period 1981-2005 [21] , while over 60% of the world's coral reefs are declining through overfishing, coastal development, and climate change [61] . In a comparative study for the U.S. Gulf coast, nature-based adaptation options could avert up to $50 billion of the expected flood losses in 2030, with an average benefit-cost ratio >3.5 [62] .
Nature-based solutions (Table 6 )-including the restoration of degraded coral reefs, or coastal wetlands (e.g., seagrasses, saltmarshes and mangroves)-can reduce flood-water flow and wave height [63] . Wetlands also function like sponges, temporarily storing tidal or flood waters and slowly releasing them, thus reducing flood heights [64] . Furthermore, restoring coastal vegetation and reefs can stabilize shorelines, promote sediment deposition and biodiversity, and reduce erosion [65] .
General Restoration Estimates
Based on a database comprised of 954 observations, Bayraktarov et al. [19] estimate median and average restoration costs of marine coastal habitats at $80,000/ha and $1,600,000/ha, respectively (U.S. dollars, 2010). However, the same study states that the real costs are probably a factor 2-4 higher when both capital and operating costs are included. The cost of restoring marine coastal ecosystems depends on three main factors: (1) the area and type of ecosystem (e.g., the type of material or vegetation used in the restoration project); (2) the economy of the country (e.g., developing/developing), which determines labor cost; and (3) the restoration technique applied. 
Seagrass and Saltmarches
Marine seagrass ecosystems are mainly found in shallow bays, estuaries, and coastal waters from the mid-intertidal (shallow) region down to depths of 50-60 m. The most extensive seagrass systems grow on sand and muddy ocean-beds. Ondiviela et al. [69] report that seagrass ecosystems can reduce current velocity, dissipate wave energy, and stabilize sediment-especially in shallow waters with low wave-energy environments. Restoration costs are estimated at $106,782/ha for areas in developing countries [19] .
Coastal saltmarshes occur in the intertidal zone near estuaries or lagoons and also reduce wave heights, even under extreme conditions. Creating a salt-marsh zone in front of dikes may result in a reduced dike-reinforcement task [70] . Restoration costs of coastal wetlands in general are estimated at $67,128/ha [19] .
Mangrove Restoration
Coastal mangroves are salt-adapted trees and shrubs that grow in tropical or subtropical areas [71] . Mangrove restoration usually entails reforestation of species, and restoration success depends on local circumstances such as hydrology, length of the planting period ("time for survival"), and seedling quality. Mangrove survival also depends on the degree of salinity, which depends much on the amount of available sediment and freshwater inflow to compensate for salinity [72] .
Most mangrove-restoration projects analyzed in the scientific literature have an area of 10-120,000 ha. Construction costs (material, labor) and water depth are important factors that determine mangrove restoration costs. A meta-analysis by Narayan et al. [21] shows that the average restoration costs vary from $1081 to $3244/ha. Bayraktarov et al. [19] report lower and upper limits of $1506-49,324/ha, respectively. The lower value for developing countries is confirmed by an older study by Lewis [73] and more recently by Hakim [66] for a case study in Indonesia ($858/ha). Land-purchase costs are not included in these estimates. Furthermore, in a flood-management case study in Vietnam, a comparison was made between mangrove restoration and technical solutions such as breakwaters [74] . For this study, the cost for planting mangroves at water depths of 1-1.8 m varies between $25-200/m of coastline, which is cheaper than the cost for developing breakwaters ($125-475/m coastline [21] ). Maintenance costs can be high for some species, as small seedlings are vulnerable to wave impacts, which require protection measures (e.g., breakwaters) and thinning and pruning activities. For Indonesia, maintenance costs have been estimated at 10% of initial investment, or around $85/ha [66] . For Vietnam, this has been estimated at $7.1/ha [67] . Such maintenance costs need to be considered for at least four years after planting seedlings.
Coral, Oyster and Artificial Reef Restoration
Artificial coral reefs reduce wave energy and coastal erosion and protect shorelines against flooding (Beck et al. [60] ). Their effectiveness for reducing flooding is determined by reef width (relative to the average wave length) and reef depth (relative to the average wave height) [19] . Existing natural coral reefs can be restored by planting coral on degraded areas [75] . As for transplanting new coral on degraded areas, only 65% transplanted species survive. Bayraktarov et al. [19] use an average of 54,200 coral transplants to populate one hectare. Restoration cost varies from $2,311,296/ha in developed to $112,953/ha in developing countries [19] . For the restoration of oyster reefs, used oyster and clam shells from farmers and restaurants are placed in the water, with a cost of $72,273/ha [19] . Mangroves and other coastal vegetation is often planted in conjunction with oyster restoration to provide surface area to inhabit.
An artificial reef is a man-made structure that mimics some of the characteristics of a natural reef, such as promoting marine life and biodiversity [76] . Artificial reefs can be constructed from rocks, wood, old tires, or submerged shipwrecks sunk to the sea floor. For the 2598 artificial reef projects in Florida, concrete secondary-use materials are used most (43%) followed by concrete modules (24%), steel materials (such as steel towers and military equipment) (17%), steel vessels and barges (11%), and natural rock (primarily limestone boulders) (3%) [77] . One option is to deploy fabricated modules of concrete or natural materials such as limestone boulders. For such solutions, a study in the United Kingdom estimates costs at $30,263-90,789/100 m of new reef. The cost to prepare, tow, and deploy a steel vessel is around $10,000-80,000 [68] .
Channel Management and Nature-Based Solutions for Riverine Systems
Maintaining the conveyance of discharge is an important aspect of managing flood levels, as channels that have filled up via natural sedimentation processes lower discharge capacity and hence increase flood risk. Channel management refers to activities that aim at retaining flow capacity and water levels in river systems for different users (e.g., shipping, ecosystems, and agriculture). Measures to maintain discharge capacity include periodic dredging, river widening, and creating new side channels (Table 7) .
Dredging and River Widening
Dredging is the removal of sediment from the rivers and harbors. It can be done by hydraulic (e.g., by a "suction hedger") and mechanical methods (e.g., a "bucket dredger"). Environmental regulations increasingly require the cleaning of contaminated dredged material and the safe disposal of dredged material in controlled deposit areas. Therefore, dredging costs are increasingly associated with both the excavation, treatment, and disposal of dredged material. Costs for mechanical dredging in the United Kingdom vary between $44 and $59/m 3 , whereas suction dredging is cheaper at $13/m 3 -both including the cost of disposal [78] . Costs for mechanical dredging and transport only in The Netherlands are estimated at $15-19/m 3 [79] , which indicates that the storage of frequently contaminated material is relatively expensive. Costs for dredging in Bangladesh are estimated at $2/m 3 [80] . [85] In addition to the dredging of existing channels, river widening is increasingly seen as a "nature-based solution". River widening in lower stretches of a river basin decreases peak water levels, as the river is provided with "more room" to discharge its flood waters [86] . In addition, such measures restore both ecological values and biodiversity [87] . A U.K. cost estimate for widening a small rural river system by excavating river floodplains varies between $4.5 and $18/m 3 [81] , mainly for excavation.
An example of a large-scale river widening program is "Room for the River" in The Netherlands [86] . This program entails 35 projects along the lower branches of the river Rhine, and the main goal is to enhance the maximum discharge capacity from approximately 15,000 to 16,000 m 3 /s. Each of the individual projects address one or more measures that lower the river bed through excavation, setback of dikes, or widen the (side-) channel (s) (Figure 3) . The total investment cost of this project is around $2.64 billion [82] . Some projects within the program, such as those near the city of Nijmegen, are relatively expensive, as they involve costly engineered protection measures, which were implemented in a densely populated urban environment [82] .
the Netherlands are estimated at $15-19/m 3 [79] , which indicates that the storage of frequently contaminated material is relatively expensive. Costs for dredging in Bangladesh are estimated at ~$2/m 3 [80] .
In addition to the dredging of existing channels, river widening is increasingly seen as a "naturebased solution". River widening in lower stretches of a river basin decreases peak water levels, as the river is provided with "more room" to discharge its flood waters [86] . In addition, such measures restore both ecological values and biodiversity [87] . A U.K. cost estimate for widening a small rural river system by excavating river floodplains varies between $4.5 and $18/m 3 [81] , mainly for excavation.
An example of a large-scale river widening program is "Room for the River" in the Netherlands [86] . This program entails 35 projects along the lower branches of the river Rhine, and the main goal is to enhance the maximum discharge capacity from approximately 15,000 to 16,000 m 3 /s. Each of the individual projects address one or more measures that lower the river bed through excavation, setback of dikes, or widen the (side-) channel (s) (Figure 3) . The total investment cost of this project is around $2.64 billion [82] . Some projects within the program, such as those near the city of Nijmegen, are relatively expensive, as they involve costly engineered protection measures, which were implemented in a densely populated urban environment [82] . 
Operation and Maintenance
Operational activities include inspections and periodic evaluation studies, and they are estimated at $4049/km [78] . Maintenance measures include weed control (vegetation clearance), obstruction/dirt removal, de-silting, and small bank repairs. Apart from the generic factors that determine costs (e.g., labor rates), the maintenance costs depend on the "target condition" of the channels and whether channel-clearance measures are implemented manually or mechanically. For well-maintained channels ("Grade 2"; [78] ), costs for manual maintenance are higher than for mechanical methods; they vary between $5730-51,311 km/year and $1680-17,096 km/year for manual and mechanical maintenance, respectively [78] . 
Operational activities include inspections and periodic evaluation studies, and they are estimated at $4049/km [78] . Maintenance measures include weed control (vegetation clearance), obstruction/dirt removal, de-silting, and small bank repairs. Apart from the generic factors that determine costs (e.g., labor rates), the maintenance costs depend on the "target condition" of the channels and whether channel-clearance measures are implemented manually or mechanically. For well-maintained channels ("Grade 2"; [78] ), costs for manual maintenance are higher than for mechanical methods; they vary between $5730-51,311 km/year and $1680-17,096 km/year for manual and mechanical maintenance, respectively [78] .
3.5.3. Nature-Based "Soft Bank" Protection and Water Buffering In Section 3.2, a number of hard-engineered bank-protection measures (e.g., Riprap) were described. However, in more rural areas and in areas with lower protection standards, nature-based methods may often both reduce flood risk and improve environmental values such as biodiversity. Methods include implementing brush mattresses, revegetation, using biodegradable geotextiles to stabilize grade, and the application of logs or other natural materials resistant to erosive flows. Costs vary between $54,000 and $978,000/km for smaller rural river branches [49, 78] . Most of these measures only have a design life of 3-15 years [89] .
Other channel-related measures: River detention areas: River detention areas are larger bath-tub-like systems (>3 million m 3 ) surrounded by a dike and designed to temporarily retain peak river discharges. Detention areas are located along river channels and capture floodwater above a pre-defined water-level. At this point, a control device (a pipe or a spillway) is overtopped with flood-water into the detention/retention area. Spillways are also applied to activating side channels in case of extreme water levels [90] . Along the river Rhine in Germany, multiple detention areas between 3.6-32 million m 3 are being developed to reduce flood peaks [91] . The cost of the largest "detention polder Hordt" (870 ha, volume: 32 million m 3 ) is estimated at $98 million [83] . A similar flood-detention project has been proposed in the Rio Piura in Peru, including a detention area of 2600 ha, a 20-km new dike with construction costs estimated at $429 million, and operation and maintenance estimated at $5 million/year [84] . With a dike 3 m in height, the volume would be +/−373 million m 3 with unit construction costs of $1.9/m 3 .
Inland wetland and water buffering: Creating wetlands in upstream areas enhances the buffer-capacity of ecosystems to absorb-at least temporarily-peak rainwater before it drains into the main river channels. Wetlands also have the ability to reduce nitrogen, phosphorous, pesticides, and sediment loading in open-water systems. Restoration of inland wetlands is less expensive than restoration of coastal wetlands. The cost for the former is estimated at $45,752/ha [19] . Tyndall and Bowman [85] estimate restoration costs for inland wetlands in Iowa (United States). For this case study, costs vary depending on site planning and design, excavation activities, installation of control structures (e.g., levees), and the opportunity cost of land made unsuitable for agricultural production. Design and construction costs are $10,022/ha, and yearly maintenance costs over a time span of 40 years are $785/ha [85] .
Measures Against Local Inundations
Traditionally, measures against local inundations in urban environments consist of engineered drainage systems with concrete channels, pipes, and culverts to quickly drain water under gravity towards larger water bodies such as lakes, rivers, or seas (Table 8 ). In locations that lie below sea level or in low-lying areas where drainage under gravity is difficult, pumping systems may assist in draining the water towards larger water bodies. The capital costs of engineered urban-drainage systems are very high, so nature-based "sustainable urban drainage solutions" (SUDS) have recently been developed to retain rainwater (see also Appendix E Table A6 ). Examples of SUDS are green roofs and wetlands (For an extended review of SUDS see [23, 92] ). Most cost estimates are made for individual measures such as pipelines or ditches. For such measures, unit costs are based on the diameter of length of the proposed storm-water drainage infrastructure [93] . The U.K. Environment Agency (EA) [94] suggest that maintenance costs for SUDS in the United Kingdom range from 0.5% to 10% of the construction cost, with the exception of an infiltration trench (20%).
Sewer pipes: Construction costs in the United Kingdom and United States for implementing sewer pipes vary between $215-453/m and $61-861/m for concrete and metal pipes, respectively. The diameter varies between~0.15-0.45 m and 0.25-2 m for concrete and metal pipes, respectively. Maintenance (cleaning and inspection) of sewer pipes in South Africa is estimated at~$10/m [23] .
Pumping stations: Appendix D Table A5 shows cost figures for pumping systems in several countries. Factors that determine costs (length of pipes, distance to source area, type of motor, drainage area, etc.) are described by Marzouk and Ahmed [95] . Costs vary between $0.4-and $1.7 million/m 3 /s. The numbers show that cost are not largely linked to local labor costs, as costs are sometimes higher in developing countries than in developed countries. This may indicate that these systems are highly sophisticated and require labor from external, specialized businesses.
Retention and retention ponds are designed only for flood control and are also known as dry ponds. In a city environment, a pond is intended to retain storm water for a period of time, releasing the water after the storm. An outlet pipe (or control device) is mostly placed at the bottom elevation of the detention volume to allow the pond to drain dry. Unlike dry retention ponds, wet retention ponds hold a permanent pool of water. The bottom of a wet retention pond is often excavated below the water table, thereby allowing fauna and vegetation in the water to consume nutrients and suspended pollutants to settle. Costs vary between $15 and $50/m 3 for cases in the United Kingdom and United States [94, 96] ; the higher cost is for wet retention ponds [96] . The costs of legal fees, land costs, and other unexpected or additional costs are not included in these estimates. Further reading and detailed cost estimates can be found in a report by the Environmental Protection Agency (EPA) [97] .
Green roofs are mostly developed upon the flat roofs of new or existing buildings (Figure 4 ). They are designed to store and evaporate rainwater to reduce the run-off peak to the sewer system [98] . A green-roof consists of a vegetation layer, a substrate layer (which retains water and anchors the vegetation), and a drainage layer (to discharge water). The construction cost of a green roof is dependent on the thickness (typically 0.15 m or more) and variety of vegetation (grasses, herbs, and shrubs). Costs vary from $32-39/m 2 in South Africa to $114-225/m 2 in the United States.
Parks and green zones are designed to meet the recreational needs of urban populations, but also have an important role in the hydrological regulation of cities, thereby mitigating local inundations [99] . Development costs of a park in the United States are $1521/m 2 [100] . Maintenance costs of parks in the United Kingdom vary between $0.4 and $2/m 2 [99] .
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Discussion and Conclusions
This study has collected empirical data on the cost of flood adaptation measures, using case studies and project-based information from various sources in the literature. The focus is on construction and maintenance costs for six categories of flood adaptation measures. The amount and quality of the data varies considerably, though recent research on specific flood-management issues has advanced the empirical basis of cost data. Data quality and uncertainty have been addressed by using cost intervals with upper and lower limits and an indication of the data quality of non-peer reviewed reports.
One of the issues with finding reliable costs is what cost categories are included in the aggregate cost estimate [13] . The studies used in this report are often unclear as to what cost components have been addressed in the final estimate, or have different components. This shows that cost estimates should be handled with care and with certain error margins; however, in most cases the estimates are probably on the conservative side, as some cost components have not been valued [14] .
The issue of uncertainty in cost estimates also plays a role in the stage of the project at which the cost estimate was made: The error margins of cost estimates in the design and planning phases are obviously much higher than those of cost figures derived after project implementation. Wright and Pierce [33] , for example, estimate 20% contingencies in a design for the dry flood-proofing of pumping stations. Addressing unexpected costs in the design phase holds especially for complex engineering projects such as the development of storm surge barriers, where the contingencies in the design phase are about 50% [106] . These projects suffer from rapid cost increases during the design phase, as requirements may change (e.g., a request for a higher protection standard), unforeseen complications in geographical conditions may arise (e.g., geological stability of the underground), or weather conditions which cause delays may occur.
Uncertainties also pertain to estimating the cost of operation and maintenance [13] . Such costs depend, for example, on the frequency of inspections and maintenance requirements that change over time due to the aging of the structure [26] . In the extensive review by Bayraktarov et al. [19] , only a few of the underlying studies differentiate between cost components (e.g., between capital and operating costs) or provide information on other cost factors, such as planning, land acquisition, financing, monitoring, and repair/replacement. Some of the studies in this review estimate the annual operation and maintenance costs as a percentage of the construction costs but do not provide the data that underpins these estimates. Though yearly maintenance costs are low at first sight compared to construction costs, they add up quickly in an economic analysis, as they are valued over the lifetime of the measure.
Additional temporal aspects play a role in the interpretation and use of cost estimates [107] . While in existing studies, cost estimates are addressed as one-time investment numbers, such investments are often phased out over time. Examples are cost-benefit analyses for the planning of levee-reinforcement programs [106, 108] . Furthermore, the lifetime of the proposed measures plays an important role in economic analysis. The expected lifetime of the larger investments (levees, storm surge barriers, sewer systems) are usually >50 years, whereas the lifetime is usually shorter (20-30 years) for cheaper measures such as flood-proofing buildings [26] . However, the required lifetime of an investment differs per country and even per project: The assumed lifetime for measures in a flood-management study in New York City is 50 years [29] , whereas it is 100 years for measures in a comparable study in The Netherlands [109] .
In addition to empirical data, studies exist that use modeling techniques to fit empirical cost data against explanatory variables. For example, a study by Mauer et al. [110] applies a model that calculates the length and size distribution of the sewer pipes in an urban area on the basis of rainfall intensity, housing densities, and area. Future research could expand such approaches. This also addresses the concerns of some researchers [13] that applying unit cost estimates assumes a fixed linear relationship between, for example, dike cost and some variable such as "meter height raised". Such costs may increase non-linearly with increasing dike heights, and non-linear models are needed to describe such relations-especially in the face of future climate change. Research by Lenk et al. [13] , however, shows, on the basis of empirical data in The Netherlands and Canada, that a unit cost expression is adequate to express the cost of flood protection per height raised or per unit length.
Research on the economic evaluation of the cost and benefits for nature-based solutions (for example, in urban drainage) compared to hard-engineered drainage measures is at an early stage. This is due to a few factors: (1) Nature-based solutions, for example, in urban drainage, require irrigation and possible replanting until the vegetation is fully established, and these costs are still difficult to accurately determine [23] ; (2) developers and city planners may be concerned that natural drainage options may decrease the area suitable for economic production; and (3) it is difficult to find data on the hydrologic benefits of the measures as reflected, for example, in a design standard. This is more straightforward in flood protection projects, where the design standard refers to a return period of maximum water level that should be incorporated in the design of an embankment. Though nature-based solutions are basically designed to do the same (i.e., lowering water levels, absorb wave energy, store water, etc.), more research and modeling is needed on the "hydrologic and hydraulic return" of a dollar investment in nature-based solutions.
Future research may address these issues, and expand the research with estimating both the cost and benefits of flood adaptation measures, and assess the benefit cost ratios (BCRs) of such measures. With such numbers, a comparative study can be conducted. 
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